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Abstract 11 
Ultrasound technique is an inexpensive and ecofriendly technology commonly used in oil and 12 
gas industry to improve oil recovery and its applications have been successfully tested in both 13 
laboratory and field scales. In this technique, high-power ultrasonic waves are utilized 14 
downhole to improve oil recovery and reduce formation damage in near wellbore region that 15 
causes a reduction in hydrocarbon production rate due to the penetration of mud, scale 16 
deposition, etc. In most of the cases, barriers for the oil flow to the wellbore are effectively 17 
removed by using the ultrasound technique and the effect of improved oil recovery may last up 18 
to several months.  19 
The aim of this paper is to provide an overview of recent laboratory, field and mathematical  20 
studies to serve as reference for future extensive examination of ultrasound assisted improved 21 
oil recovery. As an added value to this field of study, research gaps and opportunities based on 22 
the review of recent works were identified and factors that needs to be considered to improve 23 
the outcome of future studies were recommended.  24 
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1. Introduction 30 
The persistent drop of hydrocarbon production conveys a serious issue as the world’s demand 31 
for hydrocarbon rises consistently. Hence, it is important to develop and apply novel techniques 32 
that will unlock irreducible hydrocarbon saturation in the porous media and enhance production 33 
[1]. The decline in production could be mainly because of (i) reduction of natural reservoir 34 
pressure; or (ii) formation damages in near-wellbore area. Formation damage is a condition 35 
that is caused by invasion of drilling fluids into the formation, deposition of asphaltene and 36 
wax on the rock, fine migrations among others. Formation damage reduces the well 37 
productivity significantly and its adverse effects on the production of a well is inevitable. 38 
Stimulation techniques such as high-pressure fracturing and injection of acid and solvent are 39 
often used for removing the formation damage around the wellbore. These conventional 40 
techniques are generally expensive, need a wide range of surface facilities, shut in the well, 41 
and correspond to different concerns associated with environmental footprints [2], [3]. 42 
Therefore, searching for new techniques has always been crucial. Ultrasound technique is an 43 
inexpensive and ecofriendly technology, that has found common use in the oil and gas industry; 44 
such as for pipeline inspection, fluid velocity measurement and improved oil recovery (IOR). 45 
In terms of the mechanism behind the improvement of oil recovery by ultrasound, different 46 
hypotheses have been presented; (i) alteration of wettability: high frequency waves cause 47 
vibration of rocks and fluids. However, vibration velocity and acceleration of rock and fluids 48 
are different, therefore they can result to a relative movement of the interface of fluid and rock. 49 
When this  movement reaches some specific intensity, a so called “mangling tendency” occurs 50 
and as a results, the force of attraction between fluid and rock deteriorates and fluid disrupts 51 
away from the surface of rock, (ii) viscosity reduction: the rock is subjected to vibration from 52 
the effect of ultrasonic wave which causes the shear stress and acoustic pressure to vary 53 




decreases with an increase in shear stress. Moreover, the heat produced due to the ultrasonic 55 
vibration could result in viscosity reduction. This is due to the fact that the acoustic wave is 56 
absorbed into the rock, causing the sound energy to be converted to heat energy. Furthermore, 57 
cavitation releases a lot of heat energy through bubble collapse process, (iii) reduction of 58 
surface tension: resulting from the heating effect of ultrasound, (iv) decoagulation of large 59 
hydrocarbon molecules: this can be caused by a number of reasons such as cavitation of the 60 
bubbles, friction, and mechanical crash effect of ultrasound. Mechanical vibration from the 61 
high frequency waves prompts relative movement of different molecules due to difference in 62 
their acceleration, resulting to breakage of heavy molecules. This effect  along with the 63 
cavitation effects cause the heavy oil viscosity reduction, which pushes additional oil to the 64 
wellbore, (v) porosity and permeability improvement as a result of pores’ deformation, fine 65 
plugs removal, paraffin and asphaltenes dissolution, etc, (vi) coalescence of oil droplets as a 66 
result of Bjerknes forces that leads to a continuous stream of oil. In addition, ultrasound causes 67 
movement of capillary trapped oil droplets caused by the energy produced by cavitation and 68 
the mechanical vibration in the rock and fluids, (vii) peristaltic transport: mechanical vibrations 69 
can make pore walls to be deformed which causes fluids to be squeezed into adjacent pores 70 
thus initiating peristaltic transport, (viii) emulsification caused by excessive sound vibration  71 
(ix) demulsification: heat generated from longer periods of ultrasound propagation could 72 
reduce emulsion viscosities and cause the breaking down of the emulsions themselves 73 
especially in heavy oil reservoirs. 74 
Due to growing interest in ultrasonic IOR and continuing research works, previous reviews on 75 
the subject have become limited in their contents. In this paper, the recent advancements and 76 
corresponding improved oil recovery that have been achieved by ultrasound techniques were 77 
outlined for the purpose of helping investigators to understand the extent of developments in 78 




In the next section, the laboratory and mathematical studies that have been performed on the 80 
influence of ultrasound on the recovery of oil, formation damages, fluid flow and viscosity 81 
were reviewed. Following that, field studies of ultrasonic processes in improved oil recovery 82 
were presented. Lastly, ultrasound-comparable technologies which seem to have good 83 
promises for IOR were summarised. 84 
 85 
2. Laboratory Studies 86 
2.1 Effect of ultrasound on oil recovery improvement 87 
Numerous laboratory studies have reported ultrasound’s ability to mobilize residual oil, 88 
enhance reservoir permeability and improve oil recovery. In 2019, Agi et al. [4] studied the 89 
role of critical micelle concentration (CMC) during a combined ultrasound and surfactant 90 
flooding operation and also the impact of the ultrasound during waterflooding campaign for 91 
the purpose of enhancing oil recovery using sand-pack as porous media. The sand-pack was 92 
immersed in a water bath to provide a suitable environment for ultrasonic waves to propagate. 93 
They observed that water and surfactant flooding yielded additional oil recovery of 11% and 94 
12% respectively due to the influence of ultrasound (40 kHz and 500 W) during the operation. 95 
For surfactant flooding, it was seen that the main mechanism behind the increased oil recovery 96 
was the formation of microemulsions. Ultrasound also showed greater efficiency under high 97 
intensity of ultrasound and for high concentration of surfactant that is above the critical micelle 98 
concentration (CMC). Another study was a visualization experiment conducted using 2D glass 99 
micromodel exposed to ultrasonic energy under 40 kHz and 500 W to observe the difference 100 
between intermittent and continuous sonication on oil recovery [5]. The result revealed that 101 
intermittent sonication recovered more oil when compared to continuous sonication during 102 
ultrasonic operation and high intensity of ultrasound performed better for heavy oil. They 103 




energy source gave the best oil recovery factor. More reliable results could be obtained from a 105 
test conducted under reservoir conditions. 106 
Ghamartale et al [6] investigated the influence of different pore structures on ultrasonic 107 
wave stimulation. Five samples of carbonate and sandstone with different rock textures were 108 
exposed to intermittent radiation under frequency of 20 kHz and power 300 W for 10 mins (7 109 
secs of radiation and 3 secs of rest) to assess the impact of ultrasonic waves on flow. Results 110 
from petrographic and scanning electron microscope (SEM) analysis showed that ultrasonic 111 
waves may change the rock morphology through the initiation of micro-fracture and/or 112 
detachment of rock particles. The creation of micro-fracture is envisaged to increase 113 
permeability and improve oil recovery; however, the detachment of particles may improve or 114 
reduce permeability. it was observed that ultrasound significantly increase the permeability of 115 
oolitic carbonate samples but results from sandstone samples were contentious. Their findings 116 
agree with some results from the micromodel studies of Rezaei Dehshibi et al [7], where the 117 
effect of different geometry and oil type on oil recovery were examined under the influence of 118 
ultrasound. Overall, ultrasound improved oil recovery but this was dependent on the geometry 119 
of the micromodel. In addition, more effect of ultrasound was observed for oils with lower 120 
viscosity. 121 
In a  more recent analysis of ultrasound on oil recovery from crude oil containing sludge, 122 
six types crude oily sludge samples was used to examine the influence of different factors of 123 
ultrasonic operations including ultrasonic power, frequency and time [8]. They concluded that 124 
ultrasonic power was the most significant factor for oil recovery. This agrees with results from 125 
experiment on the effects of wave frequency and power output on oil recovery in an ultrasound-126 
stimulated waterflooding process [9] where series of ultrasonic stimulated waterflooding 127 
experiments was conducted on conventional sand pack saturated with Vaseline and kerosene 128 




were varied in each experiment and the effects on oil recovery examined. Results identified the 130 
power output as the most significant factor that influences oil recovery. Increasing power 131 
output (intensity) of waves increased oil recovery while increasing frequency of the waves 132 
accelerates recovery of oil; nonetheless, the ultimate oil recovery was similar for waves of 133 
different frequencies. For example, application of ultrasound added 10%, 14%, and 17% to the 134 
oil recovery of vaseline for power outputs of 100, 200, and 400 W, respectively. On the other 135 
hand, for power output of 100W at treatment time of 200 min, the recovery of 25 kHz waves 136 
was 51% PV, whereas it was 53% and 57% for waves having frequency of 40 and 65 kHz, 137 
respectively. 138 
In 2018, Wang et al [10] performed experiments to compare the removal of core water 139 
sensitivity using ultrasonic wave, chemical injection and a combination of ultrasound and 140 
chemical injection technique. Overall results indicated that lower ultrasonic frequency and 141 
higher power can improve the efficiency of core water sensitivity removal; however, treatment 142 
becomes less promising over time indicating that the treatment time should be controlled for 143 
optimal value.  Prior to the tests, ultrasonic conditions were screened and optimum condition 144 
(30 kHz, 1000 kHz) were used to sonicate the core samples. Although chemical injection alone 145 
performed slighter better than the application of ultrasonic waves in improving core 146 
permeability, the cost and safety of ultrasound may show better promise. In all, ultrasound-147 
chemical combination technique had the best effect for water sensitivity removal than using 148 
ultrasonic treatment or chemical injection alone as shown in Figure 1. The ultrasound-chemical 149 
technique recovered more permeabilities than the other two techniques. Similar results were 150 
observed in the study (comparison of ultrasound treatment at 20 kHz and 1000 W, chemical 151 




Based on the above studies, it makes sense to say that the development of ultrasound 153 
technology is not necessarily to replace the existing set of methods for improving recovery, 154 




Figure 1: The comparison of water sensitivity removal using ultrasonic waves, chemical 159 
injection and ultrasound-chemical combination technique [10]. 160 
 161 
Wang et al. [12] studied the influence of ultrasound on ultra-heavy oil viscosity reduction. 162 
The initial viscosity of the ultra-heavy oil was 1250 MPa.s. A range of wave frequencies, 18 163 
kHz - 25 kHz, and power outputs, 100 W – 1000 W, were tested. Ultrasound at frequencies of 164 
18, 20 and 25 kHz reduced the oil viscosities to 480, 890 and 920 MPa.s respectively, although 165 
the radiation time influenced these changes. Their results also showed that cavitation generated 166 
by ultrasound radiation could break down large heavy molecules of ultra-heavy oil into light 167 
hydrocarbon substances. In addition, it was concluded that the main significant parameters for 168 
reducing the heavy oil viscosity are ultrasound frequency, power, and radiation time. This 169 




mobilization of oil in porous media. They tested a range of ultrasonic wave frequencies and 171 
powers and concluded that the recovery rate is corresponding to the ultrasound frequency and 172 
power. 173 
Mullakaev et al [13] studied the impact of ultrasonic treatment on the viscosity and 174 
congelation temperature of crude oils with various compositions regarding n-alkanes and tar–175 
asphaltene components. The oils samples were ultrasonically treated using transducer that 176 
operates at resonance frequency of 24.3 kHz and generator with a power of 4000 W. it is 177 
discovered that the productivity of ultrasonic treatment relies upon the composition of the oil 178 
and the ultrasound treatment time. They presumed that ultrasonic treatment of low paraffinic 179 
oils with a high tar and asphaltene content prompts a significant decline in viscosity and pour 180 
point, and the proficiency of ultrasonic treatment increments with an increase in the treatment 181 
time. This finding agrees with the experimental result of Rahimi et al [14] and Aliev et al [15], 182 
where ultrasonic irradiation treatment substantially decreased the viscosity of extra heavy 183 
crude. Mullakaev et al [13] also concluded that ultrasonic treatment is not suitable for crude 184 
oils with a high n-alkane content, as an increase in ultrasonic treatment time results in a 185 
significant deterioration of viscosity-temperature characteristics due to the rise in 186 
crystallization of high molecular n-alkanes.  187 
In some other studies, Naderi and Babadagli [16], [17] ran different capillary imbibition 188 
tests on rock samples and visual micromodels to analyse the impact of ultrasound on oil 189 
recovery and interactions of fluid-rock for different wettability conditions. They found that 190 
ultrasound affects the relative permeability of the rock in different ways for oil-wet versus 191 
water-wet surfaces. Oil-wet surfaces have shown incremental recovery by ultrasonic wave 192 
excitations. Their results also showed that the recovery rate was increased at higher 193 





Mousavi et al. [18] studied the rheological behaviour of a number of ultrasound-stimulated 196 
crude oil samples at different time intervals. Additionally, they investigated the impact of 197 
temperature on viscosity changes of heavy oil samples, by means of a couple of steady and 198 
oscillatory shear flow experiments. The study showed that heavy components were dissolved 199 
in crude oil as a result of sonication (ultrasound stimulation at frequency of 45 kHz). After 200 
ultrasound radiation, one of the crude samples (Kouh-e Mond crude) exhibited a pseudoplastic 201 
fluid behavior. By visualization, it was observed that there was an optimum ultrasound 202 
treatment time required for efficient reduction of crude viscosity and to optimally prevent the 203 
flocculation of precipitates in asphaltenic crude oils. For Kouh-e-Mond crude oil, the optimum 204 
time of exposure was found to be roughly 40 minutes. In the study, the authors concluded that 205 
the ultrasound waves are able to breakdown crude oil heavy colloid components, and the 206 
asphaltene molecules breakdown is only probable above a specific ultrasound irradiation 207 
duration. Furthermore, a temperature sweep experiment showed that a temperature increase of 208 
the oleic phase resulted by the ultrasound was not the key cause of the crude oil rheological 209 
changes. The changes could be attributed to ultrasonic waves itself. Figure 2 shows the impact 210 
of shear rate on viscosity changes of the oil sample before and after sonication. The impact on 211 
viscosity of Kouh-e-Mond crude becomes significant as sample is sonicated up to 40 minutes.  212 
This information could be vital for research in field applications for the case of heavy oil 213 
reservoirs where the presence of asphaltenes are problematic; causing pore blockage, plugging 214 
at the near wellbore area and increasing fluid viscosity. Ultrasound may be adept in breaking 215 







Figure 2: Impact of shear rate on viscosity changes on oil sample (Kouh-e-Mond crude) 220 
before and after ultrasonic irradiation [18]. 221 
  222 
Mohammadian et al. [19] carried out several ultrasonic assisted waterflooding tests to 223 
investigate the effects of ultrasonic on oil recovery rate and its governing mechanisms. A quartz 224 
sand pack was used and exposed to 40 kHz, 100-500 W ultrasonic radiation. The main 225 
contributing mechanisms were concluded to be cavitation, viscosity reduction, and 226 
emulsification. Cavitation effect was noted due to the difference in recovery during normal 227 
brine versus de-aerated brine injection. Intense increase of temperature caused reduction in 228 
both oil viscosity and IFT, thus increasing the oil recovery factor. Figure 3 shows the total 229 
kerosene recovery and vaseline due to the effect of ultrasound on water flooding processes. 230 
Apparently, an ultrasonic assisted waterflooding extended the water breakthrough time during 231 





Figure 3: Recovery of kerosene (a), and vaseline (b), due to the effect of ultrasound on water 234 
flooding [19]  235 
 236 
Similar findings are revealed in the studies of Hamidi et al. [20], they thoroughly examined 237 
the effect of ultrasound on pressure drop and viscosity changes of oleic phase in a porous 238 
medium. They tested a range of ultrasound frequencies and powers with different types of oil, 239 
and found out that heat generation, cavitation, and reduction of viscosity are the most likely 240 
mechanisms that should be considered for enhanced oil recovery methods through ultrasound 241 
applications.  242 
The ability of ultrasound to increase the mobility of oil was studied by Alhomadhi et al. [21] 243 
using a series of laboratory experiments on core samples. In their experiments, several cores 244 
were flooded vertically and horizontally with application of ultrasound technique at initial oil 245 
saturation, and residual oil saturation after conducting initial waterflooding. To apply 246 
ultrasound waves, a high-frequency Clifton ultrasonic bath MU-22 was used which generated 247 
waves with the frequency of 50 kHz. They concluded that wave stimulation demonstrated 248 
improvement in recovery rate in both horizontal and vertical coreflood cases; the fluid-wave 249 
interaction inside pores develops relative permeabilities changes and enhances the oil 250 




In 2015, a technique was developed by Hamidi et al. [22] to study the impacts of ultrasound 252 
on brine-oil interfaces in a reservoir using Hele-Shaw model. The application of ultrasound 253 
caused the diffusion of phases as well as generation of emulsions, howbeit, a much longer 254 
irradiation time causes demulsification and coalescence of the brine droplets in the emulsions. 255 
Their results indicated that by using short pulses of ultrasound waves, emulsification is possibly 256 
one of the mechanisms that can improve oil production process as shown in Figure 4. This 257 
figure shows the effect of 12 min and 16 min radiation of ultrasound on aqueous droplets 258 
coalescence and oil emulsification in the Hele-Shaw model. The authors also studied effects of 259 
ultrasound waves on the recovery of surfactant flooding process [23]. The analysis of phase 260 
behavior of the surfactant-brine-oil revealed that IFT stands considerably low and that the 261 
employment of ultrasound reduced the amount of surfactant needed for the surfactant flooding. 262 
However, due to the sophisticated nature of such processes developing the theoretical 263 
modelling of ultrasonic EOR remains a challenge.  264 
 265 
 266 
(a)            (b)               (c) 267 
 268 
Figure 4:  Configuration of surfactant solution, oil emulsification and coalescence 269 
of aqueous droplets after 16 min applying ultrasonic waves in Hele-Shaw model. (a) After 0 270 





In one of the latest studies of Hamidi et al. [24], the impact of ultrasound on recovery of 273 
CO2 flooding was studied. A number of CO2 flooding tests were performed in the presence of 274 
ultrasound in two different conditions of temperature: controlled and uncontrolled. An oil 275 
recovery improvement using ultrasonic-associated CO2 flooding as compared to normal CO2 276 
flooding was observed. Although, it could be seen that the improvement in the recovery was 277 
more remarkable for the ultrasound-assisted CO2 flooding tests with uncontrolled temperature 278 
conditions. The authors concluded that ultrasound creates a steadier interface between 279 
displaced and displacing fluids, which might be resulted from the reduction of fluid viscosity 280 
as well as IFT and capillary pressure in the fluids.  281 
Another results of laboratory investigation show that oil recovery factor is improved under 282 
an ultrasonic-assisted EOR that features transducer power in the range of 100 – 350 W and 283 
ultrasonic frequency of 20 kHz [25]. A high recovery rate of about 88.2% of original oil in 284 
place was achieved after 30 mins of continuous sonication.  285 
 286 
2.2 Effect of ultrasound on formation damage in porous media  287 
Formation damage remains an obstacle to oil recovery at the subsurface. Another potential use 288 
of ultrasound is in stimulation of near wellbore area and possibly the reservoir. Through this 289 
method, formation damages due to fine migration, asphaltene and wax deposition, and scale 290 
precipitations can be treated with or without aid of chemicals. 291 
Pu et al. [26] studied the effects of ultrasonic power, frequency, and ultrasound excitation 292 
time on the ultrasonic treatment of near wellbore inorganic scale deposition. They found that 293 
the higher the ultrasound power and excitation time, the better the wellbore cleaning process. 294 
They showed that the optimum processing time of treatment was about 80 –120 minute as 295 
shown in Figure 5a. Again, analysis was made on different transducers with similar power to 296 




ultrasound frequency, only transducer 1-3 produced better cleaning effect as shown in Figure 298 
5b, implying that higher frequency may have a minor impact on the deposited scales.   299 
300 
Figure 5: a) Ultrasound excitation time effects on scale removal, b) Effect of transducer 301 
power on scale removal [26] 302 
Some of their findings were in agreement with the experimental results of Taheri-Shakib et 303 
al. [27]. Taheri-Shakib et al. [27] used ultrasound to treat NaCl scales and restore the near 304 
wellbore permeability damaged by the inorganic scales, while demonstrating the influence of 305 
core permeabilities.  Some core samples from Iranian reservoirs with permeability ranges of 306 
less than 20, 30-100, 100-700md, and higher than 1000md were used to carry out the 307 
experiments. The combined effects of ultrasonic and water stimulation removed the NaCl 308 
scales formed in the cores and restored permeability to 80, 42, 87 and 81% respectively, while 309 
water stimulation alone improved permeability to 29, 18.5, 62, and 77% respectively. They 310 
observed that the injected water penetrated even into the smallest pores to dissolve NaCl 311 
because of the influence of ultrasonic waves. The synergy between ultrasound and water 312 
stimulation gave birth to a better-improved permeability as compared to water stimulation 313 
without ultrasonic waves. Sensitivity study on core permeabilities gave rise to the conclusion 314 
that the effect of ultrasound on NaCl removal in the pore channels are more significant in low 315 




of KCl scales using combined ultrasound and water injection [28]. 317 
In another laboratory experiment, Kunanz and Wolfel [29] assessed the usability of 318 
ultrasonic waves for scale removal in tubing. They showed that gypsum precipitation can be 319 
effectively removed by ultrasonic waves. This was dependent on the amplitude of the 320 
vibrations and the duration of the radiation. They concluded that ultrasound as an 321 
environmentally friendly method could be used with other conventional cleaning techniques. 322 
Experiments involving the application of ultrasound on core samples damaged by paraffin 323 
and scale precipitates, showed that the core permeabilities could be enhanced [30], [31]. The 324 
effectiveness of ultrasound  was been found to be dependent on the frequency and power of the 325 
applied sound field [30]. For example, an increase in frequency and power about 40 kHz and 326 
1000 W, respectively, can improve core treatment, but core damage may also occur at 327 
frequencies above 40 kHz [30]. 328 
Further evidence of the effect of ultrasound on organic scales is the visualization studies of 329 
the removal of asphaltene in porous media using 2D glass micromodel conducted at 20 kHz, 330 
40 W [32] and at 30 kHz, 100 W [33].  The authors showed that ultrasound could significantly 331 
reduce the precipitation of asphaltene and prevent its deposition in porous media, howbeit over 332 
exposure of samples to ultrasound augmented the damage caused by asphaltenes [32].  The 333 
main mechanism of ultrasound contributing to the prevention of asphaltene deposition was 334 
found to be vibrations. 335 
Ultrasound has also been used together with other techniques to fight formation damage 336 
caused by drilling and completion fluids [34], pore blockage by mud cake and mud particles 337 
[35] and fines [36], and partially hydrolyzed Polyacrylamide (PHPAM)-induced formation 338 




improved pore permeability [34], [36], [37]. The ultrasound properties (20 kHz, 1000 W and 340 
100 mins sonication time) were effective in removing the formation damage [36], [37].  341 
Recent efforts have been made to translate the ultrasound stimulation into controlled 342 
mathematical formulations to provide insights into the techniques and processes. Mohsin and 343 
Meribout [25] developed a model that implements acoustic and heat modules to estimate the 344 
ultrasound efficiency in single-phase EOR flow process. They verified that there was an 345 
increase in pressure caused by ultrasound waves which gave birth to an increase in the oil 346 
recovery. 347 
In 2010, Najafi [38] developed a mathematical model that could analyze the ultrasound 348 
induced fluid percolation’s mechanism in a porous medium. The law of momentum 349 
conservation, Darcy’s and Stokes’ laws were combined to develop a new model for forecasting 350 
the absolute permeability of a porous media during ultrasonic treatment. Surprisingly, result 351 
showed that the permeability of the porous media does not depend on the wave parameters. It 352 
was also concluded that ultrasound acts against capillary pressure effect, which means that 353 
some period of ultrasonic radiation exposure results to a decrease in fluid viscosity, followed 354 
by an increase in viscosity after a longer time of exposure.  355 
Guo et al. [39] modelled the effect of high frequency vibration on fluid density, rock 356 
porosity and permeability by using the principles of reservoir engineering, fluid flow in porous 357 
media, numerical analysis and rock mechanics. Their study was successfully applied to an oil 358 
well in Western China where the application of a 20 kHz acoustic frequency resulted in an 359 
improved reservoir permeability (from 11.4 mD to 22 mD), a reduction in oil viscosity (from 360 
63.5 mPa.s to 37 mPa.s) and subsequently a longer production period (from 60 to 120 days) 361 
with 50 m3 of oil per day. More laboratory studies are recommended to investigate and validate 362 





Table 2. Summary of some laboratory studies 365 
Reference Observed effects by ultrasound 
Frequency 




Hamidi et al. 
[1] 
Increase in the oil production 
rate as the ultrasonic waves 
frequency and power and 
increases 
25 - 40 kHz  
20 - 68 kHz 
 
250 - 500 W  
50 - 500 W 
 
- 
Agi et al [4] 
ultrasound assisted water and 
surfactant flooding improved oil 







3 – 90 
mins 
Agi et al [5] 
intermittent sonication 
recovered more oil when 
compared to continuous 
sonication during ultrasonic 
operation 
40 kHz 500 W - 
Ghamartale 
et al [6] 
Ultrasound may change 
reservoir morphology through 
initiation of microfractures 
and/or detachment of rock 
particles. 
30 kHz 100 W - 
Rezaei 
Dehshibi et al 
[7] 
Ultrasound improved oil 
recovery, oil mobility and 
eventually oil percolation 
Paths but this was dependent on 
pore geometry. More effects 
were observed for oils of lower 
viscosity  
30 kHz 100 W - 
Tan et al [8] 
ultrasonic power was the most 
significant factor for oil 
recovery when compared with 
other parameters such as 
frequency, time, temperature 
and pH. 
25 - 125 kHz 
 
 
120 - 300 W 
 
15 - 120 
mins 
Mohammadia
n et al [9] 
ultrasonic power has the most 
impact on oil recovery when 
compared with ultrasonic 
frequency 
25, 40 and 65 
kHz 50 – 500 W 
- 
Wang et al 
[10] 
ultrasound-chemical 
combination technique had the 
best effect for water sensitivity 
removal than using ultrasonic 








Khan et al 
[11] 
ultrasound-chemical 
combination technique had the 
best effect for damage removal 
than using ultrasonic treatment 
or chemical injection alone. 
20 kHz 1000 W - 
Wang et al. 
[12] 
Most important factors for 
reducing heavy oil viscosity are 
ultrasound frequency, power, 









Ultrasound treatment efficiency 
on crude oils depends on the 











Aliev et al 
[14] 
Ultrasonic stimulation 
decreased viscosity and 
improved the refinery values of 
extra-heavy oil from “Achalcha 
field”. 
24 kHz 200 W 30 s – 30 mins 
Rahimi et al 
[15] 
Ultrasound decreased the 
viscosity of an extra heavy 
crude with 10 minutes of 









After breakthrough in oil-wet 
models, ultrasound was 
effective whilst in water-wet 
models the effect of ultrasound 
was negligible with regard to 
the recovery-sweep ratio. 
20-40 kHz 35 -250 W/cm2 - 
Naderi and  
Babadagli 
[17] 
Rate of recovery is increased, 
but total recovery stays the same 
22 - 40 kHz 




Ultrasound promoted the 
dissolution of heavy 
components in crude oil.  
45 kHz 72 W 5 – 240 mins 
Mohammadia
n et al. [19] 
The contributing mechanisms of 
oil recovery due to sonication 
are concluded to be cavitation, 
viscosity reduction, and 
emulsification.  
40 kHz 100-500 W - 
Hamidi et al. 
[20] 
Observed effect of oil recovery 
improvement are cavitation, 
heat generation and viscosity 
reduction caused by ultrasound 
25 - 40 - 68 
kHz 
 
100 - 250 - 500 W 
 60 min 
Alhomadhi et 
al. [21] 
Both vertical and horizontal 
coreflooding experiment 
demonstrated an improvement 
in oil recovery. 
50 kHz 300 W Up to 45 min 
Hamidi et al. 
[22] 
Ultrasound caused diffusion of 
brine-oil phases as well as 
generation of emulsions. 
Demulsification occurred for 
longer sonication 
40 kHz 500 W Up to 30 mins 
Hamidi et al. 
[24] 
Ultrasound improved oil 
recovery from CO2 flooding due 
to reduced fluid viscosity  




Increase in pressure with 
recoveries of 88.2% of OOIP. 
With four injection wells, the 
rate of recovery increased 








Pu et al. [26] 
Plugging removal effect became 
better with increased ultrasonic 
power and excitation time 
18 – 50 kHz 60 – 1000 W 




Shakib et al. 
[27] 
The combined effect of 
ultrasonic and water stimulation 
enhanced the removal of NaCl 
scales formed in cores  





Gypsum precipitation can be 
removed by ultrasonic waves. 
This was dependent on the 
amplitude of the vibrations, the 
duration of the sonification and 




the flow among other factors not 
evident in this study 
Wang et al. 
[30] 
The efficiency of ultrasound 
was found to be dependent on 
the frequency and power of the 
applied sound field 
20 – 70 kHz 100 – 1000 W - 
Salehzadeh et 
al. [32] 
Over exposure to oil samples to 
ultrasound negated the effect of 
ultrasound 




ultrasound significantly reduced 
the precipitation of asphaltene 
and prevented its deposition in 
porous media 
30 kHz 100 W - 
Khan et al. 
[36] 
Ultrasound improved the 
efficiency of chemical treatment 
and restored permeability of 
core samples 
18 - 50 60 – 1000 W 100 mins (Optimum) 
Khan et al. 
[37] 
Permeability recovery using 
hydrogen peroxide was 19.80%, 
but a further increase to 40.90% 
by a combined application of 
ultrasonic waves and hydrogen 
peroxide was observed 
 
18, 20 and 25 
kHz 1000 W 12 mins 
Mohsin and 
Meribout [25] 
Pressure and oil recovery increase 
caused by ultrasound 20 kHz 350 W - 
Najafi [38] 
The permeability of porous medium is 
independent to the wave parameters.  







Guo et al. [39] 
An improve of reservoir permeability 
(from the initial 11.4 mD to 22 mD), a 
reduction in oil viscosity (from the 
initial 63.5 mPa.s to 37 mPa.s) and 
subsequently an increased number of 
days (from 60 to 120 days) of 50 
m3/day oil production.  
20 kHz - - 
 366 
2.3 Remarks 367 
Laboratory studies reviewed in this paper include recent works that have been conducted within 368 
an ultrasonic frequency range of 20 - 125 kHz, ultrasonic intensities of 30 - 2000 W, and 369 
ultrasound application time of up to 240 minutes. The methodology used in carrying out these 370 
studies comprise of the use of various models as representation of the underground reservoir 371 
including core samples, sand-packs and glass micromodels. Base on the review of these recent 372 
papers, considerable research gaps exist that need to be accounted for, in order to improve the 373 
reliability of results for industry application. As a common approach in the review papers, 374 




ultrasound for well treatment; howbeit these conditions do not depict the reality of the 376 
underground reservoirs comprised of high pressures and temperatures. Reservoir pressure and 377 
temperature are critical factors for oil recovery that needs to be investigated; whether these 378 
factors compliment or suppresses the impact of ultrasonic waves is yet unknown. Another 379 
realistic constraint which were not examined is in the permanent introduction of ultrasound 380 
devices to a well design. How the placement and size of the ultrasonic downhole tool affects 381 
design complexity, flow of oil and future workover operations is unknown. An added factor to 382 
consider is with regard to the treatment of formation damage using ultrasound technology; it is 383 
important to note that formation damage could occur as a result of a combination of two or 384 
more damage mechanisms at the same time, for example, clay-particle swelling could occur at 385 
the same time with solids plugging in the reservoir. It may be worthwhile to investigate the 386 
effectiveness of ultrasound in combating the simultaneous occurrence of formation damage 387 
mechanisms in a reservoir. Effect of ultrasonic waves on oil emulsion, whether they are 388 
beneficial or detrimental to oil recovery also requires investigation.   389 
Observations from studies have shown that a long duration of ultrasonic exposure to samples 390 
could negate the impact of ultrasound, which necessitates an optimum exposure duration for 391 
an efficient ultrasonic treatment. Since the application of ultrasound causes decrease in 392 
capillary pressure, IFT, and viscosity, and can create a more stable interface between displaced 393 
and displacing fluids, it is concluded that fluid percolation in the porous media and heavy oil 394 
recovery are substantially enhanced by the application of ultrasound.  395 
There is no general consensus on the mechanism of enhanced oil recovery and well 396 
stimulation using ultrasound, most laboratory evidence suggested that the mechanisms include 397 
mechanical vibration caused by the waves, Bjerknes forces, demulsification, reduction of 398 
viscosity and surface tension caused by generated heat, growth and collapse of bubbles (fluid 399 




nature of the flow restrictions and the wavefield parameters applied. In addition, combining 401 
ultrasound with other existing oil recovery methods (for example, surfactant flooding, CO2 402 
flooding, water flooding) could improve the efficiency of oil recovery while reducing the costs 403 
of materials.  404 
Before employing the ultrasound stimulation for field treatments, it would be necessary to 405 
examine factors that play a part towards the success of the operation  including reservoir 406 
properties and geometry, fluid properties, identification of optimum wavefield properties, the 407 
depth of penetration of ultrasound and whether the treatment would be continuously applied or 408 
propagated intermittently.  409 
 410 
3. Field studies 411 
So far, a handful of field trials on the application of ultrasound and vibration stimulation 412 
have been reported especially in Russia. Abramov et al. [40] investigated the application of 413 
ultrasonic enhancement on failing wells by stimulating the wells with an ultrasound source. In 414 
reservoirs with permeability of 20mD and porosity of 15%, ultrasonic stimulation (25kHz) 415 
were able to increase the production rate by at least 50%, and this rate can go up to 85% for 416 
wells with higher permeability and porosity. At lower porosity and permeability cases, 417 
implementation of ultrasound was less promising, however, it could be effective when it is used 418 
in conjunction with other stimulation methods, primarily chemical treatments. In another study, 419 
Abramova et al. [41] reported the implementation of ultrasonic technique for enhanced oil 420 
recovery in a field. Ultrasonic technique was used on perforated zones in over 100 wells in 421 
Western Siberia (WS) and the Samara Region (SR), both region having separate geological 422 
field conditions. The ultrasonic tool had frequency range of 13-26 kHz and is used to generate 423 
acoustic waves, with the effect on permeability and viscosity being monitored. The method 424 




increased between 40-100% in different wells. Figure 6 (i) indicates how oil production 426 
increased by the application of ultrasonic treatment (Qoil is the oil flowrate). However, 427 
maximum effects were not sustained for a long period of time. Figure 6 (ii) shows the variations 428 
in the basic well parameters as a result of the ultrasonic treatment for a duration of 3 months, 429 
after running over 100 ultrasonic operations on WS and SR regions for 3 years. Permeability 430 




























Effects of the ultrasonic treament




 Figure 6. Impact of the ultrasound excitation: (i) on the production of oil; (ii) on other well 438 
parameters after the excitation, for West Siberia and Samara region respectively [41] 439 
 440 
Workover of oil wells using ultrasound is usually accompanied with optimization of 441 
pumping equipment. Thus, the effect of ultrasound alone on a change in production may be 442 
misjudged. To understand the contribution of ultrasound , Abramov et al. [41] used two sets of 443 
30 vertical wells (one from wells where pumping equipment optimization were carried out with 444 
ultrasonic stimulation and the other from wells where the pumping equipment optimization 445 
were performed without ultrasonic stimulation) to compare their changes in production and 446 
water cut. Figure 7 (i) shows how ultrasonic stimulation resulted in the oil wells productivity 447 
enhancement by 33%, and Figure 7 (ii) shows a water cut reduction by 4% due to zonal control 448 
during ultrasonic stimulation. In contrast, there was a decrease of the productivity factor by 449 
around 6% and a water cut increase of roughly 2% in figure 10 (i) and (ii) respectively, for 450 
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Figure 7: The production coefficient changes (i) and water cut (ii) of wells after ultrasound 458 
excitation and pumping equipment optimization [41] 459 
 460 
In addition to the history of field application of ultrasound in Russia, Abramov et al. [42] 461 
used a specially designed equipment to perform a field test on vertical wells in two regions in 462 
Russia. The equipment consists of an upgraded ultrasound generator that is accorded to an 463 
ultrasound downhole tool with range of operating frequency 15–30 kHz and output power 10 464 
kW. The downhole equipment, which operated under a HPHT conditions (Temperature up to 465 
150 oC and a maximum pressure of 8702 psi), comprises of a push–pull type sonotrode, a 466 
system for chemicals injection (for sonochemical treatment) and a probe for obtaining 467 
downhole properties including pressure and flow. The field test was used to compare between 468 
ultrasonic treatment and sonochemical treatment (ultrasonic + chemical injection). Over 100 469 
ultrasound and sonochemical-related operations were conducted from 2010 to 2013. Table 3 470 
demonstrates production of oil prior and post sonochemical and ultrasound stimulation, and 471 
shows the well production changes (in tons/day) in the duration of 3 month after treatment [42]. 472 
The results of this field test have shown consistency with the laboratory results of Wang et al 473 
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(min) 










Sonochemical 30 3.92 9.1 8.4 
Ultrasonic 60 3.92 8.32 7.7 
Samara 
Region 
Sonochemical 40 8.4 19.8 15.8 
Ultrasonic 60 8.4 18.6 11.5 
 477 
As seen, after sonochemical excitation, the production of oil was better, and the effect of 478 
treatment lasted longer. This can be due to the synergetic effect of ultrasound and the injected 479 
chemical. Under ultrasound radiation, chemicals enter the tiniest pores because of the 480 
sonocapillary effect and removes the materials that plugged the well. Ultrasonic treatment 481 
alone yielded an oil production increase of over 212% in average, but the combined treatment 482 
of ultrasound and chemical injection gave a better outcome even though the sonification time 483 
was only half of that using the ultrasound alone.  484 
Further field tests were also performed in Tatarstan oil field by Abramov et al. [43] to 485 
examine the influence of ultrasound on fluid viscosity under reservoir conditions. They 486 
performed a 24-hour ultrasonic treatment with an over-ground generator having an output 487 
power of 9 kW and a frequency of 19 kHz. The downhole tool was placed opposite the 488 
perforation zones and was fitted with a temperature sensor. It was found that the temperature 489 
did not go above 65 oC, causing the tool to work uninterruptedly and resulting to an oil 490 
production increase of 0.4 tons/day. After 4 hours of treatment, the oil viscosity reduced from 491 




treatment, the oil viscosity reduced from 183 mPa-s to 154 mPa-s, which represents 16% 493 
reduction in oil viscosity.  494 
It has been seen from many studies that the problems of asphaltene during production 495 
could be alleviated by the application of ultrasound, owing to some mechanisms including 496 
vibration effect. A relationship exists between the impacts propagated by earthquakes and 497 
those by ultrasonic waves, in which both produce vibration effects. Uetani et al. [44] 498 
proposed a relationship between the occurrence of earthquakes and improvement of 499 
asphaltene problems in a Japanese oil field study. In their study, the particular field had 500 
shown serious formation damage by asphaltene deposition that reduced the production rates 501 
in two wells. The field is located in an area that is frequently struck by earthquakes. Improved 502 
productivity of the wells was identified in the aftermath of earthquakes as shown in table 4. 503 
Severe asphaltene problems with reduced well pressure were the circumstances prevalent in 504 
the field that gave improved productivity when earthquakes with seismic intensity greater 505 
than 3 struck the field. They concluded that such improvements in well productivities is 506 
directly related to the stimulations by vibrational waves of earthquakes. This study sheds light 507 
on the applicability of ultrasound for solving asphaltene problems in oil wells. 508 
Table 4 shows the summary of five responses influenced by earthquakes where changes in oil 509 
flowrate were noticed. 510 
 511 
Table 4: Summary of five responses influenced by earthquakes [44] 512 




well Change in oil rate 
Change in wellhead 
pressure 
2005/8/16 
11:46 7.2 315km 3 Well A 
44.4 to 54.3 m3/d 
(279 to 342 STB/D) 
(+22%) 
496-786 kpa.abs 
 (72 to 114 psia) 
(+58%) 
2007/7/16 
10:13 6.8 56km 5 Well A 
17.5 to 26.4 m3/d 
(110 to 166 STB/D) 
(+51%) 
No clear change 
2007/7/16 
15:37 5.8 57km 3 Well A 
17.5 to 26.4 m3/d 
(110 to 166 STB/D) 
(+51%) 





16:38 4.6 41km 3 Well B 
13.8 to 60.6 m3/d 
(87 to 381 STB/D) 
(+339%) 
221 to 2,103 
kpa.abs (32 to 305 
psia) (+853%) 
2010/5/1 
18:20 4.9 25km 3 Well B 
39.4 to 61.3 m3/d 
(248 to 386 STB/D) 
(+56%) 
579 to 2,903 
kpa.abs (84 to 421 
psia) (+399%) 
 513 
(*) Seismic intensity based on the Japan Meteorological Agency’s 10-point scale. 514 
 515 
 516 
In another work, Abramov et al. [45] recommended a selective ultrasound technique for 517 
perforated regions in horizontal wells with high water cut. The method contains horizontal 518 
wells’ geophysical studies, identification of target well intervals, ultrasound excitation of the 519 
selected intervals and pumping out by means of a jet pump. Theoretical analysis and computer 520 
modeling showed that positioning the ultrasonic assisted downhole tool near the borehole wall 521 
resulted in a more consistent distribution of the wave field and broader waves’ penetration. 522 
This scheme was applied as a test on a horizontal well in Western Siberia, considered with high 523 
water cut. After ultrasonic excitation, a reduction of water production by 20% was observed 524 
and oil production increased by 91% in intervals with high oil and low water production rate. 525 
Mullakaev et al. [46] developed the concept and specification of the borehole thermo 526 
acoustic system (BTAS) machine that combines ultrasonic, thermal, and chemical effects. An 527 
equipment with a wave generating frequency of 19.0 ± 0.5 kHz was tested in 14 wells in 528 
Samotlorsk field, and 3 wells in Samara Oblast, and the overall results were promising. The 529 
average production had increased from 3.99 to 7.0 tons/day in Samotlorsk field, and from 10.0 530 
to 20.7tons/day in Samara Oblast. In another study, Mullakaev et al. [47] developed an 531 
ultrasonic technique for IOR and EOR processes. They described the technical specifications 532 
of downhole tools PSMS-102 and PSMS-42 as part of the ultrasonic well module MSUM 533 
which was later used in field tests in Western Siberia and Samara region. The average 534 
improvement of recovery rate under ultrasound excitation was 10.2 tons/day for Samara region 535 




Green River Formation, Utah which resulted in an average increase of 4.45 tons/day in 537 
production rate. 538 
Evidence obtained from the Samotlor oil field report by Mullakaev et al.  [48], [49] shows 539 
that the application of ultrasonic downhole stimulation in oil wells is workable and profitable.  540 
An ultrasonic oil well module MSUP consisting of surface and downhole equipment was 541 
deployed for field testing in 27 wells of the Samotlor oil field (Western Siberia), which is on 542 
the late stage of development [48]. The surface equipment includes an upgraded ultrasonic 543 
generator ТS6Р (table 5 shows the properties of the generator), and downhole equipment 544 
consisting of piezoceramic downhole tools with a diameter of 44 mm (PSPK-44) and a 545 
diameter of 52 mm (PSPK-52).  546 
 547 
Table 5: Design properties of ultrasonic generator TS6P [48] 548 
 549 
Parameters Value 
Peak output power, kW 6 
Operating frequency, kHz 16 – 19 
Output voltage, V 420 – 720 
Efficiency, % No less than 85 
Allowable variation of supply voltage. % -15 to +10 
Power consumption, kW No more than 7 
Cooling Air 
Dimensions of the generator unit, mm 660 x 670 x 310 
Mass, kg No more than 56 
 550 
The generator connects and powers the piezoceramic downhole tools through a power cable 551 
of length of up to 4000 m, while the downhole is positioned near the target reservoir. Table 6 552 
give details the properties of the target reservoir.  553 
 554 
Table 6. Properties of target reservoir [48] 555 
 556 
Parameters Value 
Original oil in place, OOIP (thousand tons) 1052 





Initial oil saturation 0.77 
Permeability, mD 7 
Oil density, kg/m3 861 
Water density, kg/m3 1016 
Gas density, kg/m3 0.8648 
Viscosity in the formation, cP 2.64 
Viscosity at the near-wellbore area, cP 2.30 
 557 
 558 
The field testing showed a high efficiency which include the average increase in the daily 559 
production rate by 75%, the increase in the well productivity index on average of 40% and 560 
decrease in the water cut of the well fluid on average 8.2%. Figure 8 shows the configuration 561 
of the ultrasonic downhole stimulation.  562 
 563 
 564 
Figure 8: Configuration of ultrasonic downhole stimulation: 1 – lubricator; 2 – well logging 565 
truck hoist; 3 – downhole tool; 4 – casing; 5 – oil formation; 6 – zone of acoustic stimulation; 566 
7 – perforated zone; 8 – geophysical cable; and 9 – tubing [48]. 567 
 568 
Another field tests on the wells of Samotlor oilfield using similar ultrasound-assisted oil 569 




sonochemical treatment of the near wellbore area the average increase in the daily production 571 
rate of oil wells became 5.2 tons per day, average increase of well productivity index 107%, 572 
and the average decrease in the water cut of the well fluid 28% [49]. 573 
Wang et al. [50] discussed the ultrasound-assisted IOR’s development trend in China. 574 
Investigation has been ongoing with the focus on viscosity reduction, mechanical damage 575 
removal, demulsification, and descaling. Despite the progress made in equipment development 576 
and understanding the mechanisms and applications of ultrasonic assisted oil production, there 577 
is still considerable room for further investigations and development. Summary of some field 578 
studies are shown in table 7. 579 
 580 
Table 7. Summary of some field studies 581 





Abramov  et 
al. [40] 
In reservoirs with 20mD permeability and 15% 
porosity, ultrasonic stimulation can increase 
production by at least 50% in 85%. The results 
will last between 3-12 months. 
25 kHz 5-10 kW Russia 
Abramova 
et al. [41] Oil production increased in the range 40-100% 13-26 kHz 10 kW Russia 
Abramov et 
al. [42] 
Oil production increased from an initial 3.92 to 
8.32 tons/day and from 8.4 to 18.6 tons/day in 
Western Siberia and Samara oil field 
respectively.  






Oil production increase of 0.4 tons/day. Oil 
viscosity reduced from 183 mPa-s to 154 mPa-s 
after 4 hours of treatment. 
 
19 kHz 9 kW Tatarstan, Russia 
Abramov et 
al. [45] 
Ultrasound reduced water production by 20% 
was observed and oil production increased by 
91% in intervals with high oil and low water 
production rate. 




et al. [46] 
The average production had increased from 3.99 
to 7.0 tons/day in Samotlorsk field and from 
10.0 to 20.7 in Samara Oblast. 
19.0 ± 0.5 
kHz - Russia 
Mullakaev 
et al. [47] 
For Western Siberia, improvement in the rate of 
production was 4.4 tons/day and for Samara 
Region was 10.2 tons/day.  
 
20 kHz - Russia 
Mullakaev 
et al. [48] 
Average increase in the daily production rate by 
75%, the increase in the well productivity index 
on average of 40% and decrease in the water cut 
of the well fluid on average 8.2%. 
 





et al. [49] 
Average increase in the daily production rate of 
oil wells by 5.2 tons per day, average increase of 
well productivity index 107%, and the average 
decrease in the water cut of the well fluid 28%. 
- Up to 15 kW Russia 
 582 
3.1 Remarks 583 
The field studies reviewed in the paper have been carried out with an ultrasonic frequency 584 
range of 13 - 30 kHz and a power range of 1500 - 10,000 W. Since reservoir properties are 585 
peculiar to each location, proper laboratory diagnosis would need to be carried out to identify 586 
the suitable range of frequency and power to be applied for a given field operation.  587 
An important outcome of the field studies is the good improvement in oil recovery and 588 
decrease in water cut shown under the influence of ultrasound. It is noted that ultrasonic waves 589 
mainly have short wavelength which may not be able to penetrate too deep into the formation 590 
and this presents uncertainties in treatment; however, it was observed in a case that ultrasonic 591 
treatment penetrated up to 0.5 ft. in to the formation and was sufficient in treating damage 592 
around the near wellbore induced by paraffin precipitates. Moreover, results of field trials in 593 
Russia demonstrates a high rate of success rate for ultrasonic well treatment technology.  594 
The emergence of ultrasound may not be to replace other existing treatment methods but 595 
could complement them for a better treatment effect. For example, during chemical treatment 596 
to remove pore bridges in the formation, a combination of the chemical injection and ultrasound 597 
enables the chemical to penetrate deep into the formation and even into the smallest low 598 
permeability pores to remove pore bridges. Additional benefit of a sonochemical treatment 599 
could be to reduce the volume of needed chemical and save operation time.  600 
 601 
4. Electrical-Based Enhanced Oil Recovery 602 
Another ultrasound comparable technology which has low energy consumption and can 603 




technique. An example of this technology is microwave (MW) heating, which features very 605 
high frequencies of about 300 – 300,000 MHz and shorter wavelengths [51], [52].  606 
The viability and efficiency of microwave heating measured by some authors show that oil  607 
recovery factor increases while using microwave technique [53], [54], [55]. A key mechanism 608 
being oil viscosity reduction due to heat generation by the microwave antennas which can 609 
facilitate the flow of oil towards the production well with less power consumption [54], [55]. 610 
Abdulrahman and Meribout [51]  suggested different types of microwave antennas and their 611 
arrangements in the underground reservoir which may include a simple waveguide antenna, 612 
microwave horn antenna, or an array of microwave antennas. 613 
The microwave heating has equally shown good promise in the treatment of asphaltene 614 
deposition in the reservoir [56], and wax formation [57]. During treatment of asphaltene 615 
deposition, results from zeta potential showed that microwave irradiation reduced the negative 616 
charges of asphaltene particles from -12.31 mV to -7.59 mV, resulting to the reduction of the 617 
adhesive force between asphaltene and the rock particles which has positive charges. This 618 
phenomena prevents pore blockage and facilitates the removal of asphaltene from the porous 619 
media [56]. Microwave irradiation also caused the breakdown of heavier oil to light oil, and 620 
minimized the interactions of heavy oil compounds with wax molecules, subsequently reducing 621 
the wax appearance temperature [57]. Further evidence of the ability of microwave heating in 622 
upgrading heavier oil is seen from SARA analysis which  revealed that asphaltene particles 623 
have a higher capacity to absorb microwaves than resin components [58].     624 
While the ease of zonal selectivity is a good advantage, the microwave heating technology 625 
is still faced with the challenge of uniform heat distribution across the reservoir and likelihood 626 
of wave attenuation in the presence of a barrier [52]. The efficient management of the heat 627 
distribution across a target reservoir to prevent heat loss and the selection of optimum 628 




5 Conclusions 630 
Recently, ultrasound assisted improved oil recovery has become a renewed subject of interest 631 
because of its high contribution to production increase, low cost, low energy consumption, high 632 
adaptability, zonal selectivity and zero pollution. More field activities and design of downhole 633 
tools for ultrasonic enhanced oil recovery have been appreciated especially in Russia.   634 
In this paper, we summarized several techniques and results of improved oil recovery obtained 635 
by ultrasonic waves. Laboratory studies, numerical simulations and field trials of ultrasound 636 
application were revised. Outcomes from field studies were consistent with some of the results 637 
from laboratory studies and mathematical models such as oil viscosity reduction, residual oil 638 
saturation reduction and improved oil recovery under ultrasound radiation. In addition, some 639 
benefits of electrical EOR technique, which are related to those of the ultrasonic waves were 640 
highlighted. The authors believe that this review paper can provide a key reference for future 641 
studies on ultrasound-assisted improved oil recovery processes. 642 
 643 
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